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TITLE OF THE INVENTION:

PRESSURE SWING ADSORPTION PROCESS WITH MULTIPLE BEDS ON PURGE
AND/OR WITH TEN BEDS AND FOUR PRESSURE EQUALIZATION STEPS

CROSS-REFERENCE TO RELATED APPLICATIONS

Not applicable.

.. + STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
5 DEVELOPMENT -

- Not applicable.

BACKGROUND OF THE INVENTION
This invention relates to pressure swing adsorption (#SA) processes, and more
‘i'O particularly to such processes empldying multiple adsorbent beds and multiple pressure
equalizatioﬁ steps.

PSA processes are well-known for the separation of gas mixtures that contain
components with different adsorbing characteristics. For example, hydrogen production
via pressure swing adsorption (H, PSA) ié a multi-million dollar industry supplying high

15  purity hydrogen for chemical producing industries, metals refining and oth-er' related
industries. | “

in-a typical PSA system, a multicomponent gas is passea to at least one of
multiple adsorption beds at an elevated pressure to adsorb at least one strongly sorbed
component while at least one component passes thr'ough.: 'ln the case of H, PSA, H, is

20 the most weakly adsorbed component which passes thfough the bed. Ata deﬁned time,

the feed step is discontinued and the adsorption bed is depressurized with flow co-



10

15

20 .

25

current to the direction of the feed in one or more steps which permits essentially pure

H, product to exif the bed with a high récovery of the most weakly adsorbed component,

H,. - Then a countercurrent desorption step is carried out, followed by countercurrent
purge and repressurization. |

U.S. Patent No. 3,986,849 fo Fuderér et al. discloses PSA processes employing
at least seven adsorbent beds, at least three steps of pressdre equalization per bed.
This patent teaches that an undesirable reversion of the desorbate profile from the inlet
to fhe discharge end of' the bed is substantially reduced when at least thfee pressure
equ;llization stages are employed. Fuderer et al. does not disclose any embodiments
comprising performing four pressure equalization steps in a ten-bed apparatus, _or
process cycles with on average two or more beds being purged at the same time.

The prior art in general teaches that increasing the number of beds typically
facilitates increasing the number of equalizations, which minimizes the production costs
of a PSA systém. Unfortunately, increasing the number of beds typically increases the
cost of a PSA system as well.

Accordihgly, it would be very desirable to provide an impfoved PSA process

which incréases production and/or recovery per bed in a multiple bed system.

All references cited herein are incorporated herein by reference in their entireties.

BRIEF SUMMARY OF THE INVENTION
The invention provides a pressure swing adsorption process comprising
providing a pressure swing adsorption apparatus having ten beds, and equalizing a
pressUre of each of said ten beds in four steps. At all times during the process, an
average of at least two of said ten beds are being simultaneously regenerated by

simultaneously providing off-gas from a product end of each df said two beds to an off-
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gas li'ne. Each .of the four pressure equalization steps comprises a d'epressurization
phase spénning about 1/20 of a total cycle time of said process and a repressurization
phase lspanning about 1/20 of said total cycle time. - The preferred product df the
brocess ié hydrogen. |

. The invention also provides a pressure swing adsarption process in which an

' average of at least two beds are being counter-currently purged throughqut'fhe process

- cycle.

-+ BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS

Not applicable.

DETAILED DESCRIPTION OF THEINVENTION

In a first embodiment of the invention, the improved PSA system employs tep
adsorbent beds and four steps of equalization. Preferably, an average of at least two of
said ten b_éds are simultaneously regenerated by simultaneously providing off-gas from a
feed end of each of said two beds to an off-gas line throughout said process.
Preferably, each 6f said four steps comprises a depressurizing provide equalization
phase spanning about 1/20 of a total cycle time of said .process and a repressurization
phase ‘R” spanning about 1/20 of said total cycle time. The- préfefred producf of the
invention is hydrogen. |

A second embodiment of the invention is based on the inventors’ discovery that
the average bed pressure during the purge step is very important in determining the
recovery and productivity of the adsorption system. It is desirable to use a Ioﬁger purge
time to reduce the pressure drop in the bed, land therefore reduce the average bed

pressure during the purge step. The slower the purge rates, the more effective a system



is in removing adsorbed gases. Thus, fhe second embodiment of the invention requires

that, at all times throughout the process, at least two beds are being counter-currently

purged at the same time.

Ina preferred embodiment, the process comprises:

5 | (a)

at least one adsorption step comprising feeding a feed mixture to a feed

end of a first bed, adsorbing'impurities onto an adsorbent in said first bed

. and permitting a product gas to exit a product end of said first bed;

(b).
.10

(©)

(d)
15

@
20

()

at least one depressurizing equalization step comprising reducing a

pressure in said first bed by closing a feed valve and sequentially
releasing gas from a product end of said first bed to other beds or to at'
least one other bed and a tank;

at least one pressure reduction step comprising further reducing said

pressure of said first bed co-currently and/or counter-currently;

at Ieést one counter-current purging step, comprising codnter—currently

purging said first bed with gas from another bed for a dﬁration such that
at least two of said beds of said apparatus are being purged

simultaneously_ throughout said process;

at least one repressurizing equalization step comprising increasing the

pressure of said first bed with gas released from at -'Ie'a]st one other bed

. and/or tank undergoing said pressure reducing step; and

at least one pressure augmentation step comprising further increasing
said pfessure of said first bed by feeding to said first bed at least one of a
counter-current stream of product gas and a co-current stream of feed

gas.



10

15

20

25

In ceﬁain émbodiments, steps (a) to (f) are sequential.

The preferred product gas is hydrogen, but the invention is not limited thereto.

Preferably, the feed mixture comprises hydrogen and at least one member
selected .from the group consisting of methane, carbon dioxide, carbon monoxide,
nitrogen and water vapor.

| In embodiments, the feed gals i_s obtainea by steam reforming of hydrocarbons.

In other embodiments, the feed gas is obtained by partiéi oxidation of
hydroca-rbons.' In a number of these embodiments, the partial oxidation can occur in the
pres?ance of at least one catalyst. ' |

In embodimerits wherein the oxygen used for oxidation is provided by an ion
transport membrane, it is preferred that the ion transport membrane be integrated with a
rea.ctor in which the partial oxidation occurs.

In embodiments, at least a part of said at least one repressurizing equalization
step overlaps in time with said at least one pressure augmentation step.

In embodiments, at least a part of said at least one repressurizing equalization -

-step overlaps in time with at least one of counter-current repressurization by the product”

gas and co-current repressurization by the feed gas. -

In embodiments, gas from the product end of the. bed in said at least one
depressurizing equalization stép is transferred directly to a-bed in said at least one
repressu.rizing equalization step. | |

In embodiments, gas from the product end of the bed in said at least one
depres.surizing'equalization step is transferred to a tank before being transferred to a
bed in said at least one repressurizing equalization step.

In embodiments, a bed being co-currently depressurized according to said at

least one pressure reduction step provides purge gas to more than one other bed.
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in embodiments, the depressurizing equalization step precedes said provide
purge step, in other embodiments, the depressurizing equalization step overlaps in time
with at least some portion of said provide purge step, and in still other embodiments, the
depressﬁrizing equalization step fo"ows said provide purge step.

in embodiments, a bed being co-currently depréssurized according to said at
least one pressure reduction step provides gas for pressure equalization of at least one
other bed, as well as purge-gas to more thani one otherbed.

In embodiments, fhé bed at step '(c) has ét least one coﬁnter—current

debressurization step.

In embodiments, the dounter—current'depress_urizaﬁon step immediately preceaes

 the counter-current purge step (d).

The invention is most efficiently described through the use of cycle charts, which
are readily understood by those of ordinary skill in the art. In the cycle charts shown
herein, each column represents a time period of the cycle and each row represents a

bed. The following table shows the cycle chart of a process that is presented for

purposes of comparison only.



10

TABLE 1

AAAAAAAAA1T 2 3 4 PP BBGGTI # 3 2 1T R

T R AAAAAAAA1T 2 3 4 PP BBGG I 4 3 2

3’2’1’RAAAAAAAA1234PPBBGGI4'

3,4 PP BBGGI 4 3 2 1 RAAAAA AAAA AT 2

1t 2 3 4 P P B B G G I 4 3 2 ¥ RAAAAAAA-A

In the first step of this cycle for the first bed, the feed goes to a bed from the feed

end for 1/3 of the cycie time to produce hydrogen from the product end in the first step.

During this period, the pressurized feed flows through the bed. The impurities in the
feed, such as COZ, methane, CO and nitrogen, are adsorbed by the adsorbents.
Hydrogen, on the other hand, is less strongly adsorbed and is drivep out of the bed as

hydrogen product. This step is called the “adsorption” step and is indicated by “A’s” in

_ Table 1.

In the second step, feed to the first bed is stopped. The hydrogen from the
product end of this bed (the first bed) is now fed to the product end of another bed (the
second bed) whose pressure is being increased. That process goes on for .

approximately 1/24 of the cycle time, until the pressures in these two beds are almost
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eq.ua!.. This step Is fndicated by “1” in the cycle chart, §tanding for the depressurization
phase of pressure equalization step one.

in t'he third step, the product end of the first bed is disconnected-from the second |
bed and 6onnected to the product end of th.e third bed whoée bressure is lower than the

first and second beds. This goes on for approximately 1/24 of the cycle timé, until the

' pressures in these two beds are close to each other. This step is indicated by “2" in the

cycle chart, meaning that this is the depressurization phase of pressure equalization

step two.

In the fourth step, the connectidn between these two beds is ’ghen cut off, and
hydrogen fr_om the product énd of the first bed is fed to the product end of the fourth bed,
whose pressure is yet lower than the third bed at the beginning of the previous step.
This process again goes on for approximately 1/24 of the cycle time until tﬁe pressures

of the two beds are close to each other. This step is indicated by “3" in the cycle chart,

~ standing for the depressurizafion phase of pressure equalization step three.

In the fifth step, the connection between the first bed and the fourth bed is
closed, and the hydrogen from the product end of the first bed is introduced into the ﬁﬁﬁ
bed whose 'pressufe is lower than that of the fourth bed at the beginning of the previous

step, and which has just finished the “purge” step (step 8) and idie step (step 9). This

Pprocess again lasts for 1/24 of the cycle tirﬁe, and at the end of this step, the pressures

in these two beds are again close to each other. This step is indicated -by. ‘4" in the
cycle chart, representing the depressurization phase of pressure equalization step four.

In fhe sixth step, the connection between .the first bed and the fifth bed is closed, -
and the gas from the product end of the first bed is introduced to the product end of the
sixth bed. The feed end of the bed being purged (the sixth bed) is connected to the

offgas line and the gas purged from this bed enters the offgas line. This step lasts for
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approscimate!y 112 <;f the éyc!e time, and is called the “provide purge” step, indicated by
“P's” ih the cycle chart.

In the sevént_h steb, the product end valve is closed and the feed end is
connected to the offgas line. The gas in the bed goes to the offgas .Iine. This step last's |

for 1/12 of the cycle time and is called the “countercurrent blowdown® step and is

" indicated by “B’s” in the chart.

In the eighth step, the producf end of the bed fs connected to the product.end of
a bed in its sixth éfep (thé “provide purge” ste.p)l. The gas from the "provide purge” bed- _
purgés the bed and the impﬁriﬂes and éomé hydrogen gas leave this first bed (the bed
being purged) from the feed end and enters the offgas line. T-his step lasts about Tor
1/12 of the cycle time and is called the “couniercurrent purge” step. It is indicated by
“G's” in thé cycle chart.

In the ninth step, the bed is closed on both ends for 1/24 of the cycle time and
this step is called the “idle” step, indicated by “I” in the cycle chart.

_ In the tenth step, the product énd of the bed is connected to the broduct énd-of a
bed at its fifth step. Gas flows from tﬁe pi'dduct end of the bed at its fifth step and enters
this bed from its lpr'oduct end. This takes about 1/24 of the cycle time until the pressures
in the two beds are close to each other." This step is indicated by "4™, indicating that it is
at the recei'ving gas end of the fourth pressure equ.alizatioﬁn step following the sequence
order of the pressure equalization steps. That is, “4" indicates the repressurization
phase of the fourth pressure equalization step.

in the eleventh step, the product end of the bed is connected té the bed at the
fourth step. Gas flows from the product end of the bed at its fourth step and enters this
bed from its product end. This takes about 1/24 of the cycle time until the pressures in’

the two beds are close to each other. This step is indicated by “3", indfcating that it is at
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the receiving gas éﬁd of third -pressure equalization step. That is, .“3'_" indicates the -
repressurization phase of the third pressure equalizatioh step.

In the twelfth step, the product end of the bed.is connected to the bed at the third
step. Gas flows from the product end of the bed at its third step and enters this bed. from

its product end. This takes about 1/24 of the cycle time until the pressures in the two

" beds are close to each other. This step is indicated by "2", indicating that it is at the

receiving gas end of the___sécond pressure equalization step. That is, “2" indicates the
repressurization phase of the second pressure eq.ua.lization step. .

- 7 Inthe thirteenth step, the produbt end of the bed is connected to the bed at the
second step. Gas flows from the product end of the bed at its second step and enters
this bed from its product‘e'nd. This takes about 1/24 of the cycle time until the pressures
in the two beds are close to each other. Some product gas also enters the product end
of this bed. This step is indicated by “1”, indicating that it is at the receiving gas end of
the first pressure equalization step. That is, “1™ indicates the repressurization phase of
the first pressure equalization step. |

Then in the fourteénth step, the_- connection between these two beds is closed
while the gas from the pfoduct line continues to re-pressurize the bed until the pressui'e
in the bed is close to that of the product hydrogen. This step takes approximately 1/24
of the cycle time and is indicated by the letter "R” in the chart for “repressurization.”
After this step is finished, the bed returns to step 1.

The cycles of the twelve beds of Table 1 are staggered such that one bed starts
adsorption 1/12 of the cycle time later than the previous one. Such a cycle has four
beds generating products all the time. The time for pressure equalization does not have
{o be eS(actly 1/(2 x n), in which “n” is the number of beds in the systém. When the time

for the first step of pressure equalization, “1?, is *f" less than 1/(2 x n) of the cycle time,
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the time for the receiving pressure equalization step, 1', is ld'éc.réaséd by the same
amount, while the time for re-pressurization step “R" is. increased by the same amount.
The time for the second préssure equalization step on both pro_viding gas end and
receiving.gas' end, 2 and 2', can be increased by the same amount. If the first and
second equalization share a common valve/liné arrangement and the third and fourth
equalization share a common valve/line arrangement, the time for the third pressure
equalization step on both providing gas end and receiving gas end, 3 and. 3', must be
reduced by at least t. The‘ time for the fourth pressure equalizaﬁon step on both
prox)%ding gas end and réceiving gas -end, 4 and 4', can be increased by the same -
amount. Tﬁe time for the idle can be decreased by the same amount.- The same holds
true for all the cycles discussed below (the idle step and the step solely consisting.of
providing gas for the lowest pressure equalization step, 4, do not exist for all the cycles). -

The following table shows the cycle chart of a ten-bed cycle of the first

embodiment of the invention with only two beds on adsorption:
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TABLE 2
AAAA1T 2 3 4 PP BBGGI 4 3 2 1 R
*" R AAA A1 2 3 4P P BBGGI!I 4 3 2
33y 2 " RA A'A A1 2 3 4 P P B B G G 1 4.’

In this cycle, the bed is on adsorptioﬁ for 1/5 of the cycle ti:me. it then provides

gaé frbm the product end of the bed in the first, second, third, and fourth éteps of

. pressure equalization sequentially, with each step lasting approximately 1/20 of the cycle
time. The bed then provides.gas'f_or purge, agai_n from the product end of the bed, for

approximately 1/10 of the cycle time. Then the product énd 6{ the bed is closed and the

feed end valve to the offgas liné is opened. The gas in the bc;.d is sent to the offgas line
for approximately -1I1 0 of the cycle time, until the. pressure in'the bed is not much greatér-

than that in the offgas line. Then thé product end of the bed is connected to the product
end of a bed that is at its “provide purge’ step. This méstiy hydrogen gas flows from the
bed at its “provide purge” step to the bed under description, driving out some of the

impurities in the bed to the offgas line. This lasts for approximately 1/10 of the cycle
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tlme." Then the bee sits idle for appro.ximately 1/20 of the cycle time. It then rece_ives '
gas from the product end ol the bed in the steps of receiving pressure equalization,
indicated by 4,3, 2, and 1 in the cycle chert (i.e., Table 1), with each step lasting for‘
approxirdately 1/20 of the cycle time, until the pressure of the bed is close to that in the

bed providing gas lor pressure equalization in each step. In the last of these receiving

~ pressure equalization gas steps, some product gas is also fed to the product end of the

bed. Then, in the last step, the connectioh of this bed with the provide equalization gas
bed is‘ cut and lhe.'product gas continues to enter the bed from the product end for
app"l'oxlmately 1/20 of the cycle time until the pressure of the bed is close to that of the
product. This bed thereby completes one cycle and returns to the adsorption step. The
ten beds are staggered by starting the cycle of the subsequent bed 1/10 of the cycle
time later than the previous step so that there are two beds on adsorption all the time. In
addition, two beds are under regeneration at any given time.

Given the fact that lhe mass transfer layer has certain length, it is still desil'able.
to have more' beds on feed if doing so does not. cause a large negative lmpect_ on
performance by reducing the time l‘or other steps. Notice that in the process whose

cycle chart is shown in Table 2, 1/20 of the cycle time is idle, meaning that the bed is not

- used in that 5% of the cycle time. That idle time can be used for adsorption by shifting it

to the adsorption step. In order to maintain synchronization of tl)e beds providing gas for
pressure equalization and those receiving gas for pressure equalizatlon, and to have
three beds on adsorption all the time, one more of these 1/20 cycle slots has to be

allocated to adsorption. This can be accomplished by eliminating the f_ourth step of

-providing gas for pressure equalization, and providing the gas for the fourth step of

pfessure equalization from the bed that is providing gas for purge at that time, as shown

in the following table:
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- TABLE 3

B GG 43 27" RAAAAAAT1T 2 3 PP B

P_-BBGG4"3’2'_1'RAAAA'AA123P’

In this cycle, in the first 1/20 of the cycle time of the provide purge step (indicated
by'“P’ “s), the provide purge bed simultaneously provides gas to the bed in its purge. step
(indicated by “G"s) and to the bed on the receiving end of the fourth stép of pressure
equalization (indicated by “4™). The rest is kept as in the cycle shown in Tal;le 2.

In yet another embodiment,. h&o beds are always on adsorption. A__fter the
completion of' the adsorption step, the bed goes through four stéps of pressure
equalization on tﬁe provide gas side. Then the bed provides gas for purge for 3/20 of
the cycle time, followed by 1/20 of the cycle timé for blowdown, 3/20 of the cycle time for
purge, 4 steps of pressure equalization on the receiving gas end, and 1/20 of the cycle

time for re-pressurization, as shown in the following table:
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TABLE 4

G 4 3 2 1T RAAAAT12 3 4P PZPGBG G

G G G 4 3% 21T RAAAA1T 2 3 4 P P P B

Tables 2-4 show the first embodiment of the invention, wherein the PSA system
em'ploys' ten adsorbent beds and fdur-steps of equalization. Table 5, below, s-l'iows a
cycle chart for a process in accordance with the first and second embodiments of the
invention. That is, in addition to having ten adsorbent beds and four steps- of
equalization, the process of Table 5 has_ at least tw§ beds being counter-_currently .
purged at any given tinﬁe.

Increasing- the purge time can improve the adsorption capacity and increase
recovery simultgneéusly. Increasing the purge time also increases the provide purge
time following the conventional ways of constructing cycles. In the following

embodiment, one provide purge bed provides the purge gas for two beds:
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TABLE 5

AAA A A1 2 3 PPBUBGG GGG G 4 3 2 1 R

" R A AAA1T 2 3 PP BUBGG GGG 4 3 2

3 2 1T R A AAA1T 2 3 PP BUBGGG G &

B GGGGS4 32 1 RAAAATITZ223FPPB

In addltlon this bed is also used to provide the gas for the fourth step of pressure

equahzatlon durlng the first half of the provide purge step (P) ThlS enables doubling the
purge time, and at the same time employing four steps of pressure equalization for a
ten-bed system with two beds on adsorption.

The second embodiment of the invention is not limited to ten-bed devices or four

equalization steps as in the process deplcted in Table 5

For example, a 12 bed cycle with double purge time, 4 step's of pressure

equalization and 3 beds on adsarption is shown in the following table:
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TABLE 6
A A AAAA1T 2 3| PlB Bl 6 G Gl 3 2 1 1 R
R RAAAAAA AT 2 3 PP BOBG GG G-4 3 2 7
* 1 R RAAAAAATI1 2 3 PPGB B G G -G G & 3
¥ 2 1 RR A A A AAA1 2 3P P BB G G G G
G 4 ¥ 2 1 R'RAAAAAAT1 2 3 P P B B G G
G 6 G 4 3 2 1 R R A A A A A A 1 2 3 P P B B
B 6 G G G 4 & 2 * I RRAAAAA A A1 2 3 P P
P BB G G G G #4°% 2 ¥ | R R A A A A A A 1 2 3
3°P P B B G G G 6 4 % 2 1 RR A A A A A A 1
1 2 3 PP B B G G G G 4# 3% 2 11 RRA A A A A
A A1 2 3 PP B B G G G G 4 3 2 £ 1 R R A A A
A A A A1 2 3 PP BB GGTG GG 4 3 2 1 1 R R A

In the process shown in Table 6, the highest pressure equali.zation step is
separate from the product re—pressQrization step. The bed providing purge gas provides
purge gas to tWo bedé. In the ﬁrst'h.alf of the providing purge gas step (P'), this bed also
provides gas to the lowest pressure step of pressure equalization.

A 12 bed cycle with double purge time, 4 steps of pressure equalization and 4

beds on adsorption is shown in the following table:
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TABLE 7

* R A A A A AAAA1 2 3 PP BB GG.G G & 3 2

¥ 2 f R AAAAAAAATI1 2 3 PP BBGG GG G #

P B B G G 6 G 4 ¥ 22 " R A A A A A A A A1 2 3 P

3 P P B B &G G G-G 4 ¥ 2 I* R A A A A A A A A 1 2

In the process shown in Table 7, the bed providing purge gas provides purge gas
to two beds. In the first half of the providing purge gas step, this bed also provides gas

5 . to the lowest pressure step of pressure equalization.

A 12 bed cycle with triple purge time, 4 steps of pressure equalization and 3 beds

on adsorption is shown in the following table:
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TABLE 8

¥ R A A A A A AT 2 3 PP B B G G G G .G G 4 3 2

¥ 2 * R AAAAAAT1 2 3 PPBGBGTGTG G GG G 4

In the process shown in Table 8, the bed providing purge gas provides purge gas
to three beds. In the first half of the providing purge gas step (P), this bed also proyides
gaé_ to the Iow‘e's_t pressure step of pressure equalization.

Tables 5-8. are illustrative and not limiting. For example, the inc;reased purge
time embodiment of the invention encompasses the- use of any number of beds,
although 10-12 béds are preferred, and encompasses cyclés with less or more than four
steps of pressure equalization. |

The invention will be illustrated in more detail with referenceltc': the following

Examples, . but it should be understobd that the present invention is not deemed to be

limited thereto.
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The unexpected advantages of the invention are demonstrated by the following

simulation comparing a ten-bed embodiment of the invention (see Table. 2, above) with a

twelve-bed cyclé in accordance with the prior art (see Table 1, above).

The pressure and temperature specified in the simulations were 30 atmospheres

and 100°F, respectively. The composition specified in the simulations contained 0.5%

nitrogen, 6% méthane, -1-6% carbon dioxide, 3.5% carbon monoxide and 74% hydrogen.

The key operating.param'eters and results are summarized in Table 9:

TABLE @

Cygle Table 1 (Comparative) Table 2 (Invention) -
Bed diameter (ft) 11.0 11.5

Bed length (ft) 224 224

Feed time (s) 240 128

Production (million scf/d) 84.2 83.5

Recovery 88.2% 'sa.q% '

CO in product (ppm) 1.0 1.0

N, in produ& {(ppm) 620 332

It can be seen from Table 9 that the recoveries of the two cycles are virtually the

same. The N, content is much lower with the ten-bed cycle according to the invention.

The amount of adsorbent needed for a certain production rate is reduced by 9%, and the

number of beds is reduced from 12 to 10. That not only means that the costs of vessels
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and s—kids are reduéed, _it also means that the costs éf valves and connecting pipes' '
connectiné’ these beds are reduced as ﬁhe consequence of bed reduction.

Example 2

The efficacy of increasing the purge time in accordance with the invention can be

demonstrated by comparing the simulation results of the process of Table 1 (i.e., a 12

" bed cycle with 4 beds on adsorption and 4 steps of pressure equalization) with those of

Table 5 (i.e., a 10 bed cycle with 4 steps of pressure equalization, double purge time,

" and 2 beds on adsorption). The pressure and temperature specified in the simulations

were 30 atmospheres and 100°F, re'spectively. The composition specified in the
simulatioﬁs contained 0.5% nitrogen, 6% methane, 16% carbon dioxide, 3.5% carbon
monoxide and 74% hydrogen. Each bed has two sections: (1) a section closer to the -
feed nozzle, with 50% of the bed length, containing carbon adsorbent; and (2) a section

further from the feed nozzle containing a zeolite adsorbent. The key operating

parameters and results are summarized in Table 10:

TABLE 10
Cycle | Table 1 (Comparative) Table 5 (Invention)
Bed Diameter (ft) 11.0 11.0
Bed length (ft) 22.4 22.4
Hydrogen Production 84.2 ' 79.9
-(million scf/d)
Hydrogen Recovery 88.2 89.21
CO in product (ppm) 1.0 g 0.2
Nitrogen in product (ppm) | 620 ' 1005

It can be seen from Table 10 that using the cycle in Table 5, it is possible to
eliminate two beds and the associated valves, piping and adsorbents, and at the same

time increase hydrogen recovery by 1%. Moreover, the diameters of the beds in this
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cycle are smaller. The total amount of adsorbent is reduced by 36%. If the bed |
diameters were equal, the hydrogen prdduction would be greater for the cycle in Table 5

with a similar recovery benefit. The modifications that may be needed to achieve these

are (1) arranging piping and valves such that one provide purge bed can provide gas to

three beds with the desired flows, and V) arrangmg pipes and valves such that off-gas

can be collected from one blowdown bed and two purge beds One way of doing so is to
use a valve with a positioner on the off-gas line of each bed so that the off-gas flow from

each individual bed can be independently controlled.

. . While the invention has been described in detail and with reference to specific

examples thereof, it will be apparent to one skilled in the art that various changes and

modifications can be made therein without departing from thé spirit and scope thereof.
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CLAIMS
1. A pressure swing adsorption process comprising providing a pressure

swing adsorption apparatus having ten bedé, and équa!izing a pressure of each of said

ten beds in four steps.

2. The process of claim 1, wherein at all times during said process, an

" average of at least two _of said ten beds are being simultaneously regenerated by

simultaneously providing off%gas from a feed end of each of said two beds to an off-gas
line. | |

.+ 3 The process of claim 1; wherein each of said four steps comprises a
depressurizing provide eéuaﬁzation phase spanning about 1/20 of a total cycle time of
said proceés and a repressufization phase “R" spanning about 1/20 of said.total cycle

time.

4. - The process of claim 1, wherein hydrogeén is a product of said process.

* [ L M S *
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5. The brocess of clairﬁ 1, represented by the following cycle chart:
AAAA1T 2 3 4P P BBGGI! 4 3 2 1 R
1'R.AAAA-_1.234PP_BBGG'I £ 3 2
3 2 1’RA.AAA_1'_234PPBBGGI4’

1. 43 2 ¥ R A A A A1 2 3 4 P P B B-G G

G Gl 4 3 2 " RAAAA1T 2 3 4 P P BB
B B G GI 44 3 2 1 RAAAA1T 2 3 4 P P
PP B B G G I 4 3 22 * R A A A A1 2 3 4
3 4 PP BB GGI! 43 2 1 RAAAA A1 2
1 2 3 4 PP BB GG I 4 3 2 1 RAA A A
A A1 2 3 4 P P B B GG I 4 3 2 1T R A A

wherein A is adsorption, 1 is providing gés for a first step of pressure equalization, 2 is
préviding gas fgr a second step of pressure éqﬁalization, 3 is providing gas for'a.third
step of pressure equalization,'4 is providing gas for a fourth step of pi'essure
equalizétion, P is providi.ng purge gas, B is counter-current blowdown, G is

counter-current purge, | is Idle, 4' is receiving gas for the fourth step of pressure

equalization, 3' is receiving gas for the third step of pressure équalization, 2' is receiving

gas for the second step of pressure equalization, and 1' is receiving gas for the first step

of pressure equalization and simultaneously receiving product gas for repressurization,

and R is repressurizing with product gas.

A
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The proéess of claim 1, represented by the foilowing cycle chart:

A

A

Pl

P

B

B

G

G

4l

31

2

1'

11

A

A

2

3

P!

P

B

P~

G

4!

3]

2!

3)

A

B

4!

1',

P1

33

2!

4

2]

1!

41

31

2'

1!

4';

3!

2]

1!

4I

3!

wherein A is adsorption, 1 is providing gas for a first step of pressure equallzatlon 2is

prowdlng gas for a second step of pressure equahzatlon 3 is providing gas for a thll’d.

step of pressure _equalization, P is providing purge gas and simulta'neously providing =

gas for a fourth step of pressure equalization, P is providing purge gas, B is counter-

current blowdown, G is counter-current purge lis ldle 4’ is receiving gas for the fourth

step of pressure equalization, 3' is receiving gas for the third step of pressure'

equalization, 2' is receiving gas for the second step of pressure equalization, and 1'is

re'c.eiving gas for the first step of pressure equalization and simultaneously receiving

product gas for repressurization, and R is repressurizing with product gas.

I
T
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7. The g.irocess of claim 1, represented by tﬁe following cycle chart:
A _A AAA1 2 3 4 P PPBGGGZ¥4¥ 3 2 T R
1" R -_A A A A1 2 3 4 P P P B G GG 4 3 2
¥ 2 ¥+ RAAAA1 23 4 PPPBGGG &
G 4 3 2 7 RA A A. A-1 2 3 4 PP P B G G
G G G 4 3 2 1 R A AAA A1 2 3 4 P P P B
P B GGG.4 33 2 1 RAAAAT1T23 4 PP
PP P B GGG 4 3 2 ' RAAAA AT 2 3 4
3 4 PP PB GGG 4 3 2 1" R A A A A 1 2
1 2 3 4 PP P B G G G 4 3 2.1 R A A A A
A A1 2 3 4P P PB GGG 4 3 2 1R A A

wherein A is adsorption, 1 is a first step of pressure equalization, 2 is a second step of

pressure equalization, P is purge, B is counter-current blowdbwn, G is counter-current
purge, | is idle, 4' is receive gas for the fourth step of pressure equalization, 3' is receive
gas for the third step of pressure equalization, 2' is receive gas for the second step of

pressure equalization, and 1' is receive gas for the first step of pressure equalization and

pressure equa_lizaﬁdﬁ, 3 is a third step of pressure equalization, 4 is a fourth step of

simultaneously receive product gas for re-pressurization, and R is bed repressurizing

‘with product gas.

8. The process of claim 1, wherein at all times during said process, an

average of at least two of said ten beds are being counter-currently purged.

* C L M § *
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9. The process of claim 8, represented by the following cycle chart:

AAA A A1 2 3 PPBBGGGGZ44¥ 3 2 1 R

1'RAAAA_123P’PBBGG-G'G4’3’_2_'

¥y 2T RAAAA1T 2 3 PP BB GGG G 4

G 4 3 2 1" RAAAA1 2 3 PP BB G G G

GGG 4.3 2 ¥ RAAAA1T 2 3 PP BB G

wherein A is adsorptron 1 is providing gas for a first step of pressure equelrzatlon 2is
provrdlng gas for a second step of pressure equalization, 3 is provrdlng gas for a thlrd' '
step of pressure equalization, P’ is prqudmg purge gas and simultaneously providing
Qas for a fourth step of presst:re equelizatien, P is providing purge gas, B is courlter-

current blowdown, G is counter-current purge, | is idle, 4' is receiving gas for the fourth
step of’ pressure equallzatlon 3 lS receiving gas for the third step of pressure
equalization, 2' is receiving gas for the second step of pressure equalization, and 1'is
receiving gas for the first step of pressure equalization and simultaneously receiving
product gas for repressurization, and R is repressurizing with product gas. .

10. A pressure swing adsorption process comprising:

(a) providing an adsorption apparatus having a plurality of beds;

I

AU



10

16

20

(b)

©

(d)

(e)

)

(9)

11.

28

at least one adsorption step comprising feeding a feed mixture to a feed

end of a first bed, adsorbing impurities onto an adsorbent in said first bed

‘and permitting a product gas to exit a product end of said first bed;

at least one depressurizing equalization step comprising rédu_cing a
pressure in said first bed by closing a feed valve and sequentially
releasing gas fror;"n a product end of said first bed to other beds or to at
l’east. one other bed and a tank;

at least one pressure. reduction step cc;mprising further réducing said
préssure of said first bed co-currently and/or counter-currently;

at least one counter-current purging step, comprising countér—curréntly
purging said first bed with gas from another bed for a duration such that
at least two of said beds of said apparatus. are being purged
simuitaneously throughout said process;

at least one repressurizing equalization step comprising increasing the

‘pressure of said first bed with gas released from at least one other bed

énd/og' tank undergoing séid pressure reducing step; and

at 'least-one pressure augmentation step comprising further increasing
said pressure of said first bed by feeding to-saic.l first bed at least one of a
counter-current stream of product gé§ and a co-current stream of feed

gas.

The process of claim 10, wherein said apparatus has ten beds and four

pressure equalizations per bed are performed throughout said process.

12.

The process of claim 10, wherein said product gas is hydrogen.

(T
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| 13. | The ﬁrocess of élaim. 10 w.herein said feéd mixture comprises hydrogen
and at least one member selected from the éroup consisting of methane, darbon dioxide,
carbon monoxide, nitrogen and. wat'er"vapor.

14, The process of claim .13, wherein said feed gas is 6btai}1ed by steam
reformiﬁg of hydrocarbons.

15.  The process of claim 13, wherein séid feed gas is obtained by partial
oxidation of hydrocarbons.

16. - The process of claim 15. wherein séid partial oxidation occurs in a
presence of at least one catalyst.

| 17. The process of claim 15, wherein oxygeh used in said partial oxidati_on' is
provided by an.ion transport membrane.

18. Tﬁe process of claim 17, wherein said ion _transp'ort mgmbrane is
integrated with a reactor in which said partial oxidation occurs.

19. _l .The process of claim 10, wherein said_steps are sequential.

20. The prpcess of claim 10, -wherein at least a part of said at least -one
repressurizing equalization step overlaps in time with said at least one pressure
augmenfation st'ep.' |

21.  The process of claim 10, wherein at Ieast a part of said at least one
repressurizing equélizafion sfeﬁ overlaps in time with ét least -one of counter-current
repressurization by the product gas and co-c;uri'ent repressurization by the .f.eed gas.

22, The process of claim 10, wherein gas from the product end of the bed-in

said at least one depressurizing equalization step is transferred directly to a bed in said

at least one repressurizing equalization step.

_

A
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23.  The process of claim 10, wherein gas from the produd end of the bed in

.said at least one depressurizing equalization step is transferred to a tank before being

fransferred to a bed in said at least one repressurizing equalization étep.

24. ~ The process of claim 10, wherein a bed being co-currently depressurized

- according to said at least one pressure reduction step provides purge gas to more than

one other bed.

25. The process of claim 24, wheréin said depressurizing equalization step

precedes said provide purge step.

., 28, ~ The process of claim 24, wherein said depressurizing equalization step
overlaps in time with at least some portioh of sa_lid provide purge step. )
27. The process of claim 24, wherein said depressurizing equalization step
follows said provide purge step.
28.  The process of claim 10, wherein a bed being co-currently depressurized
accoi‘ding to said at least one pressure reduction step provides gas for pr-essure

equalization of at least one other bed, as well as purge gas to more than one other bed.

29.  The process of claim 10, represented by the following cycle chart:

T
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A°A A A A A 1T 2 3P PJB BJIG 6 G G |4 3 2 1T 1 R R
R R A A A A A A 1T 2 3 PP B B GG 6 G G 4 3 2 1 1

¥ I R R A A . A A A A 1. 2 3 P P B B G G'- G 6 4 3 2
3y 2 1" I R R A A A AA A1 2 3 P P B B 6 G G G ¥4
G 44 3 2 1 R R A A A A A A 1T 2 3 P P- B B 6 G G
G G G 4 33 2 1 R R AAAAAA 1 2 3 P P B B G
B G 6 G G 4 % 2' L R_ R A A A A A A1 2 3 P P B
P B B G G G G 4 3 2 ¢ I R R A A A A A A 1 2 3 P
38 P P B B.G G G G 4 3 2 1* 1 R R A A A A A A 1-2
J,2 3 PP B B 6 G 6 G 24 3 2 1 1 R R A A A A A A
A A1 2 3 P.P B B 6 G G G ¢ 3 2 11 R R A A ;\ " A
A A A A1 2 3 PP BB G G G G 4 3 2 1 | R R A A

wherein A is adsorption, 1 is providing gas for a first step of pressure equalization, 2 is

providing gas fbr a second step of pressure equalization, 3 is proQiding gas for a third
step of pressure eqqalization, P’ is providing purge gas and simultaneously providing
gas for a fourth step of pres;ure edualization-, .P is providing purge gés, B. is counter-
current blowdoWn,"G is counter-current purge, | is idle,_4" is receiving gas for the fourth
step of pressure. equali.zation, 3 is -receiving gas for the third step of pressure

equalization, 2' is receiving' gas for the second step of pressure. equalization, and 1' is

.recelving gas for. the first step of pressure equali'zation and simultaneously receiving

product gas for re-pressurization, and R is repressurizing with product gas.

30. The process of claim 10, represented by the following cycle chart:

TN RO
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"' R AAAAAAAATI1 2 3 PPBGBGSGTGTG 4 3 2

¥ 2 ¥ RA A A A AAAA1 2 3 PP BB GG G G 4

B_GGG.G4'3'2'1'RAAAAAAAA123P'PB

P B B G G G 6 4 3 2 R A A AAAAAA A1 2 3 p

wherein A is adsorption, 1 is providing gas for a first step of pressure equalization', 2is
providing gas for a second step of pfessure equalization, 3 is providing gas for a third -
step of pressure e_qualization; 4 is proﬁding gas for. é fourth step of pressure
eqﬁalization, P is providing | purge gas, B is counter-current blowdown, G is
counter-current purge, 1 is idle, 4' is receiving gas for the fourth step of pressure
équalizatioh, 3is receiving-gas for the third step of pressure eqﬁalizatiori, 2' is receiving
gas for the second step of pressure equalization, and 1' is receiving gas for the first step
of pressure equalization and. simultaneously receiving product gas for re-pressurization,

and Ris repressurizing with product gas.

31.  The process of claim 10, represented by the following cycle chart:

N A
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T RAAAAAA1T 2 3 PP BBGGGGG G 4 3 2

3 2 *+ R A A A A A A1 2 3 PP B B G G G G G G 4

wherein A is adsorption, 1 is providing gas for a first step of pressure equalization, 2 is
providing gas for a s_econd étep of pressure equalization, 3 is providing gas for a third
step of pressure equalization, P’ is providing purge gas and simultaneously broviding
gas for a fourth step of pressure equalization, P is providing purge gas, B is counter-

current blowdown, G is counter-current purge, | is idle, 4' is receiving gas for the fourth

~ step of pressure equalization, 3' is receiving gas for the third step of preséure

equalization, 2' is receiving gas for the second step of pressure equalization, and 1' is
receiving gas for the first step of pressure equalization and simultaneously receiving

product gas for re-pressurization, and R is repressurizing with product gas.

-
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